A method is described, based on the differential accumulation of Rb+ and methyltriphenylphosphonium, for the simultaneous estimation of the membrane potentials across the plasma membrane of isolated nerve endings (synaptosomes), and across the inner membrane of mitochondria within the synaptosomal cytoplasm. These determinations, together with measurements of respiratory rates, and ATP and phosphocreatine concentrations, are used to define the bioenergetic behaviour of isolated synaptosomes under a variety of conditions. Under control conditions, in the presence of glucose, the plasma and mitochondrial membrane potentials are respectively 45 and 148 mV. Addition of a proton translocator induces a 5-fold increase in respiration, and abolishes the mitochondrial membrane potential. The addition of rotenone to inhibit respiration does not affect the plasma membrane potential, and only lowers the mitochondrial membrane potential to 128 mV. Evidence is presented that ATP synthesis by anaerobic glycolysis is sufficient under these conditions to maintain ATP-dependent processes, including the reversal of the mitochondrial ATP synthetase. Addition of oligomycin under non-respiring conditions leads to a complete collapse of the mitochondrial membrane potential. Even under control conditions the plasma membrane (Na+ + K+)-dependent ATPase is responsible for a significant proportion of the synaptosomal ATP turnover. Veratridine greatly increases respiration, and depolarizes the plasma membrane, but only slightly lowers the mitochondrial membrane potential. High K+ and ouabain also lower the plasma membrane potential without decreasing the mitochondrial membrane potential. In nonrespiring synaptosomes, anaerobic glycolysis is incapable of maintaining cytosolic ATP during the increased turnover induced by veratridine, and the mitochondrial membrane potential collapses. It is concluded that the internal mitochondria must be considered in any study of synaptosomal transport.
, usually containing one or more mitochondria (Whittaker, 1969) and possessing extremely active ion transport systems across their plasma membranes (Li & White, 1977) .
The present paper attempts to describe the pathways ofenergy transduction in the intact synaptosome by means of parallel determinations of respiration, ATP and phosphocreatine concentrations, and the membrane potentials across both plasma and inner mitochondrial membranes.
A prediction of the Chemiosmotic Theory (for review see Mitchell, 1976) is that the magnitude of the proton electrochemical potential (APH+) across the inner mitochondrial membrane is the primary determinant of the rate of controlled respiration and of the ability of the mitochondrion to maintain cellular ATP concentrations. Under most conditions in vitro the mitochondrial membrane potential 0306/3282/80/010021-13 $1.50/1 (AyWm) is the major contributor to APH+ (Mitchell & Moyle, 1969; Nicholls, 1974; Rottenberg, 1975) . In addition, the maintenance of a sufficient AV,,m is essential for mitochondria to regulate the cytosolic free Ca2+ concentration (Nicholls, 1978b) . It follows that it would be highly advantageous to be able to estimate this potential in intact synaptosomes.
In most cells there are two membrane potentials to be considered: that across the plasma membrane (Awe,) and that across the inner membrane of the internal mitochondria (AVm). Thus any technique must be capable of resolving these potentials. Cyanine dye fluorescence is more sensitive at low membrane potentials (Burckhardt, 1977) and thus responds preferentially to the plasma membrane potential rather than to the high mitochondrial membrane potential. The indicator has been used with Ehrlich ascites cells (Laris et al., 1976 ) and synaptosomes (Blaustein & Goldring, 1975; Sen & Cooper, 1978; Ng & Howard, 1978) . Safranine has a linear spectral response to membrane potential (Akerman & Wikstrom, 1976 ) and can provide a qualitative estimate of Ay/m in intact Ehrlich ascites cells (Akerman, 1979) .
In the present paper the lipophilic cation methyltriphenylphosphonium (TPMP+) is used. TPMP+ distributes according to a Nernst equilibrium across bilayer regions of membranes (Bakeeva et al., 1970) . In intact hepatocytes it is accumulated across both the plasma and mitochondrial membranes (Hoek et al., 1979) , and its distribution is therefore a function of the magnitude of both membrane potentials. To resolve the contribution of the plasma membrane to the total accumulation of the cation, Ay/ is required, and is estimated from the diffusion potential of Rb+ across the plasma membrane.
A preliminary report of part of this work has been published (Scott & Nicholls, 1979) .
Experimental Materials
[3H]Methyltriphenylphosphonium bromide was obtained from New England Nuclear Chemicals G.m.b.H., Dreieich, Germany. All other radioisotopes were obtained from The Radiochemical Centre, Amersham, Bucks., U.K. Ficoll was obtained from Pharmacia, Uppsala, Sweden, and was exhaustively dialysed against water before use. Methyltriphenylphosphonium bromide, sodium tetraphenylboron, oligomycin, ouabain, veratrine and all enzymes were obtained from Sigma (London) Chemical Co., Poole, Dorset, U.K. Veratrine is a mixture of alkaloids, and the veratridine content was taken to be 25 %. All other reagents were of analytical grade. Unless otherwise stated, sodium salts were employed throughout.
Synaptosomes and 'free' brain mitochondria Synaptosomes and 'free' (non-synaptosomal) mitochondria were prepared from the cerebral cortices of Duncan-Hartley-strain guinea pigs of either sex, aged 4-8 weeks, by a modification of the method of Cotman & Matthews (1971) employing a discontinuous Ficoll gradient exactly as previously described (Nicholls, 1978a) . The synaptosomal suspension was made up to 30ml, per two animals, with 320mM-sucrose/5 mM-Tes/0.5 mM-EDTA (pH 7.4) at 4°C, and centrifuged in an MSE-25 6 x 16 ml swingout rotor for 10min at 75000gm21.. The pellet was resuspended in lOml of 250mM-sucrose/SmM-Tes (pH7.0) at 4°C, and protein was determined by the biuret method (Gornall et al., 1949 Synaptosomal pellets containing 4.5mg of protein were resuspended in 0.5ml of an air-saturated incubation medium at 30°C and pH 7.4, which contained 122mM-NaCI, 3.1 mM-KCl, 1.2mM-MgSO4, 1.3 mM-CaCl2, 0.4mM-KH2PO4, 5 mM-NaHCO3, 20mM-Tes, lOmM-D-glucose and lOpM-amino-oxyacetate. The suspension was then immediately transferred to 1 ml of incubation medium that contained additionally 5puM-tetraphenylboron and radioisotopes to give a final concentration of 1.3 pM-[3H]TPMP+ (0.4,uCi/ml of incubation), 40pM-[14C]sucrose (0.4pCi/ml of incubation) and SO,UM86RbCl (0.28 pCi/ml of incubation). The suspensions were then incubated in 10ml polycarbonate flasks at 30°C in a shaking water bath, and 200,4ul portions were withdrawn at defined times and filtered through -0.6,um pore-size cellulose acetate filters (Sartorius, Gottingen, Germany). The cellulose acetate filters were found to retain in excess of 85 % of the synaptosomal protein. The slight binding of TPMP+ to the acetate filters was corrected for in each experiment.
The filters were added without washing to a scintillant containing (per litre) 310ml of Triton X-100, 630ml of toluene, 60ml of water and 5g of 5-diphenyloxazole. After allowing time for the synaptosomes to lyse, the vials were counted simultaneously for 3H, 14C and 86Rb radioactivities in an Vol. 186
Intertechnique type 32 liquid-scintillation counter. Portions of the incubation medium before filtration were also counted for radioactivity under identical conditions.
The apparent spaces for 86Rb+ and [3H]TPMP+ within the synaptosomes were calculated as previously described (Nicholls, 1974) (Marchbanks, 1975) .
The contribution of the matrices of the internal mitochondria to the total synaptosomal volume is difficult to estimate with any degree of precision. Of the total synaptosomal protein from the present preparation,; 12 % can be recovered as synaptosomal mitochondria after digitonin disruption (Nicholls, 1978a) , and as the matrix volume of guinea-pig cerebral-cortical mitochondria in an NaCl-based medium has been found to be 0.65lul/mg of protein (Nicholls, 1978a) (0.4, uCi/ml) , and 50uM-86RbC1 (0.28,uCi/ml). The mitochondria were then filtered through 0.6pm pore-size cellulose acetate filters, and the remainder of the experiment was performed precisely as described for intact synaptosomes.
Results
The accumulation ofRb+ by synaptosomes
The electrical permeability ofthe plasma membrane of most eukaryotic cells to Na+ and K+ is low in relation to the cellular content of the ions, with the result that the half-time for the exchange across the plasma membrane may be several hours. In contrast the synaptosome, with highly active plasma membrane transport processes and a high surface-tovolume ratio, can very rapidly alter the distribution of Na+ and K+ across the plasma membrane in response to stimuli that might be expected to alter the plasma membrane potential (Li & White, 1977) . This raises the possibility of monitoring transient changes in plasma membrane potential by following the ion distribution across the membrane. A precise quantification of the plasma membrane potential from the ionic gradients is complex and requires the application of the constant-field equation (Goldman, 1943; Hodgkin & Katz, 1949) . However, the synaptosomal plasma membrane appears to be typical of excitable membranes under polarized conditions in that the permeability to K+ is greatly in excess of the Na+ permeability (Keen & White, 1971) . It follows therefore that the steady-state distribution of K+ across the membrane is close to thermodynamic equilibrium, even when the (Na++K+)-dependent ATPase is operative and the ions are continuously cycling across the membrane (Fig. 1) . Therefore the plasma membrane potential may be approximated to by the K+ diffusion potential calculated from the steady-state K+ distribution. As Rb+ can substitute for K+ for uptake by the (Na+ + K+)-dependent ATPase, and as the permeability of the membrane for Rb+ is as high as for K+ (Keen & White, 1971; Blaustein & Goldring, 1975) , it follows that the Rb+ distribution may also be employed to estimate Awp.
Although this estimation has limitations, particularly when the Na+ permeability is enhanced (see Fig. 10 ), it is of sufficient accuracy when used in concert with TPMP+ to be able to distinguish an efflux of TPMP+ as a result of a depolarization of the plasma membrane from one that is a consequence of a depolarization of the inner membrane of the internal mitochondria. Only in the former case will TPMP+ efflux be accompanied by a proportionate efflux of Rb+.
The accumulation of 56Rb+ by synaptosomes is examined in Fig. 2 In the absence of an ionophore such as valinomycin, the internal mitochondria possess no electrical permeability to Rb+ and so will not accumulate the cation. However, even if valinomycin were added to synaptosomes under initial incubation conditions, the high cytosolic K+ concentration would depolarize the mitochondrial inner membrane (Mitchell & Moyle, 1969; Nicholls, 1974) and prevent the establishment of a significant mitochondrial Rb+ gradient. The addition of valinomycin will also greatly increase the electrical permeability of the plasma membrane to Rb+. If Rb+ is not at electrochemical equilibrium across the plasma membrane before addition of the ionophore, then there will be a net movement of ion to achieve equilibrium. Fig. 2 (a) shows that addition of the ionophore causes only a 2mV change in the indicated potential. Therefore even though K+ and Rb+ are cycling across the plasma membrane driven by the (Na++K+)-dependent-ATPase (Fig. 1) , the native Rb+ permeability of the membrane is sufficient for the ion to remain close to thermodynamic equilibrium.
In Fig. 2 The accumulation of TPMP+ by synaptosomes is depicted in Fig. 3 . Optimal accumulation of the cation requires the presence of tetraphenylboron, and when TPMP+ is less than 1.5pM and tetraphenylboron is 3 /UM the accumulation ratio exceeds 80.
In Fig. 2 within the cytosol possessing a high membrane potential, such as a mitochondrion, or secondly TPMP+ within the cytosol might possess a very low activity coefficient due to binding, or to complexation with tetraphenylboron. To resolve the relative importance of these two factors, the effect of valinomycin was examined. As discussed above, by inducing a high electrical permeability to K+ and Rb+, valinomycin will depolarize any cytosolic organelle. Thus if the major accumulation of TPMP+ was within these organelles, a considerable decrease in the overall accumulation ratio would be observed, and this is in fact the case (Fig. 2b) . That the TPMP+ responds not only to the potential across any internal organelles, but also to the plasma membrane potential, is indicated by the virtually complete efflux of the cation when 60mM-KCl and valinomycin are added together, thus additionally depolarizing the plasma membrane. Potential-independent complexation of TPMP+ within the synaptosome is therefore slight. This is in contrast with the accumulation of dibenzyldimethylammonium by yeast cells in the presence of tetraphenylboron (Hoeberichts & Borst-Pauwels, 1975) , where a complex appears to be formed between the cation and tetraphenylboron, which prevents the cation from responding to changes in potential. The reasons for this difference in behaviour are unclear.
In a variety of cells that have been examined by direct electrophysiological techniques the activity coefficient for K+ in the cytosol appears to be close to that in free solution (Walker & Brown, 1977) . If the same is true for Rb+, then a comparison of the accumulation ratios for Rb+ and TPMP+ in the presence of valinomycin (when the gradients of the free cations will be equal) will enable the activity coefficient for TPMP+ in the cytosol to be calculated relative to that in the medium. Under the conditions of Fig. 2, in Pollard et al., 1976) , any accumulation would not be detectable. In addition, as will be shown (see Fig. 8 ), accumulation of the cation by intrasynaptosomal organelles is prevented by specific mitochondrial inhibitors of proton extrusion.
The magnitude of the mitochondrial membrane potential and respiratory control in intact synaptosomes The respiratory rate of the present preparation of synaptosomes incubated at 30°C in the presence of glucose is 4nmol of 0/min per mg of synaptosomal protein (Fig. 5) . Contaminating 'free' mitochondria do not respire under these conditions (Bradford, 1969) , and so the 5-fold stimulation of respiration induced by the addition of a proton translocator (Fig. 5a) can be ascribed to a loss of respiratory control by the internal mitochondria. The depolarization of the inner mitochondrial membrane induced by valinomycin (Fig. 2b) is associated with a similar stimulation of respiration (Fig. Sb) . In contrast, addition of oligomycin to inhibit the ATP synthetase causes only a slight inhibition of the initial respiration (Fig. 5d ), implying that under the initial conditions there is only a slow turnover of ATP within the synaptosome and that the internal mitochondria are close to State 4 (Chance & Williams, 1956) .
Under State 4 conditions isolated mitochondria maintain a AW/m of about 150mV (Mitchell & Moyle, 1969; Nicholls, 1974; Rottenberg, 1975) , and a similar value has been obtained for 'free' guinea-pig cerebral-cortex mitochondria (Nicholls, 1978a) . To quantify the potential for the internal synaptosomal mitochondria, eqn. (6) was invoked, and the 6-fold accumulation of Rb+ and the 76-fold accumulation of TPMP+ were substituted into the equation, employing the activity coefficients for TPMP+ (0.6 for the cytosol and 0.4 for the matrix) deduced in the previous section. An accumulation ratio of free TPMP+ of 300 was deduced across the mitochondrial inner membrane, corresponding to a membrane potential of 150mV. In 28 experiments, the mean ( S.D.) A vIm attained was 148 ± 6mV.
1980
In a medium of high ionic strength, addition of sufficient proton translocator completely abolishes the mitochondrial membrane potential (Nicholls, 1974) . In the experiment depicted in Fig. 6 Under the initial conditions in a medium containing 0.5mM-Pi, the total ATP and phosphocreatine concentrations were each about 3 nmol/mg of synaptosomal protein, and these values were maintained for the 20min duration of the experiment (Fig. 7a) . These values closely correspond to those found for rat synaptosomes (Bradford, 1969) .
The ability of any cell to maintain ATP-dependent functions when respiration is inhibited will depend on the capacity of anaerobic glycolysis to supply ATP (Fig. 1) . As would be predicted, the simultaneous addition of iodoacetate to inhibit glycolysis and cyanide to inhibit respiration leads to a complete depletion of synaptosomal ATP (Bradford, 1969) and to depolarization of the plasma membrane (Blaustein & Goldring, 1975) . With the present preparation, addition of sufficient rotenone to inhibit respiration leads to a partial decrease in ATP and phosphocreatine concentrations (Fig. 7b) . However, it is not immediately apparent whether the residual ATP possesses sufficient thermodynamic potential to drive ATP-dependent events in the cytosol; for example some ATP could be associated with synaptic vesicles (Dowdall et al., 1974) . A more sensitive measure of the Gibbs free energy of the cytosolic ATP/(ADP+P,) pool in the presence of rotenone is to determine the ability of the synaptosome to maintain a Ay/m. The mitochondrial ATP synthetase is reversible (Mitchell, 1976 ) and can catalyse a close thermodynamic equilibrium between A4H+ and the ATP pool.
As shown in Fig. 8(b (Nicholls, 1978b) even during anoxia. As the ATP pool in the presence of rotenone is evidently capable of driving mitochondrial ion translocation, it is not surprising that plasma membrane transport does not seem to be significantly affected (Fig. 8a) . A similar ability of anaerobic glycolysis to maintain Aygm has been shown for Ehrlich ascites cells (Akerman, 1979) .
If A/,Im is maintained by reversal of the ATP synthetase, it would be predicted that the simultaneous addition of rotenone and oligomycin would lead to a complete collapse of AWm (Fig. 1) . This is confirmed in Fig. 8(b) . As would be predicted, the addition of oligomycin in the absence of rotenone does not decrease the mitochondrial potential, but may even lead to a slight increase in Ay//m (Fig. 8b ).
As this increase is not more than 2 or 3 mV, this confirms the evidence from the oxygen electrode that the mitochondria within synaptosomes under control conditions are already very close to State 4. . ATP and phosphocreatine concentrations within synaptoson1es incubated in the presence ofglucose Synaptosomes (1.5mg of protein/ml of incubation) were incubated in the basic medium, without radioisotopes, as described for the determination of membrane potentials. At defined times portions were quenched by the addition of HCI04, and assayed as described in the Experimental section. The following additions were made at 9 min: (a), control; Time (min) Fig. 8 Even under the initial conditions the cycling of ions across the plasma membrane driven by the (Na++K+)-dependent ATPase appears to utilize a significant proportion of the synaptosomal ATP supply. Thus respiration can be significantly inhibited not only by oligomycin (Fig. 5d) , but also by ouabain (Fig. 5f) . Addition of ouabain results in a slow decrease of the Rb+ diffusion potential to 33 mV (Fig. 9a) . As would be predicted, ouabain does not significantly affect A&ym (Fig. 9b) , and the efflux of TPMP+ from the synaptosomes that occurs can therefore be accounted for by the decrease in Ay/p.
The rate at which the plasma membrane depolarizes Vol. 186 appears to be largely limited by the low Na+ permeability of the membrane, rather than by the K+ permeability, as addition of valinomycin to introduce a very high K+ permeability leads to only a slight enhancement of the rate of depolarization (Fig. 9a) .
A second method for depolarizing the synaptosomal plasma membrane is to increase the K+ concentration in the medium. Addition of 60mM-KCl results in a gradual lowering of the Rb+ diffusion potential to less than 15 mV (Fig. 9a) . In contrast with a published report (Bradford et al., 1973) no stimulation of respiration was observed on adding 60mM-K+. As the permeability of the plasma membrane to TPMP+ appears to be greater than to Rb+, the presumably instantaneous depolarization of the plasma membrane induced by the addition of Fig. 9(b) . The third technique for depolarizing the plasma membrane involves the addition of the alkaloid veratridine, which stabilizes the high-conductance conformation of the potential-dependent Na+ ionophore in the plasma membrane (Ohta et al., 1973) , and hence induces a long-lasting depolarization of the plasma membrane (Blaustein & Goldring, 1975) . If the rate of Na+ cycling across the plasma membrane is limited by the activity of the Na+ ionophore under initial conditions, then it would be predicted that increasing the activity of this pathway would increase the rate of ion cycling. This in turn would increase the cytosolic demand for ATP, and finally increase the respiratory rate of the included mitochondria (Fig. 1) . In Fig. 5(c) it is shown that the increased respiration induced by veratridine is very substantial. In eight determinations, a mean increase of 7.4nmol of 0/min per mg of synaptosomal protein was found on addition of 100uM-veratridine.
If the mitochondrial P/O ratio is 3 under these conditions, the increased ATP turnover indicated by the respiratory response is 22nmol of ATP/min per mg of protein, and should be well within the capacity of the (Na++K+)-dependent ATPase, which in rat brain synaptosomes at 37°C has an activity of 130nmol of ATP/min per mg of protein (Ata et al., 1970) . It is clear that the internal mitochondria possess sufficient respiratory capacity to maintain cytosolic ATP concentrations, as respiratory rates in the presence of veratridine are significantly less than those following the addition of a proton translocator (Fig. 5c) , and as 3min after addition of the alkaloid the synaptosome retains high concentrations of both ATP and phosphocreatine (Fig. 7c) .
If the (Na++K+)-dependent ATPase translocates 3Na+ and 2K+ ions for each ATP hydrolysed (Thomas, 1972) , then the addition of veratridine increases the rate of cycling of Na+ and K+ by respectively 66 and 44nmol of ion/min per mg of protein. The enhanced rate of K+ (and presumably Rb+) cycling will increase any thermodynamic disequilibrium of the cation across the plasma membrane, and will lead to an overestimate of Ay/, if this is based on the Rb+ diffusion potential. In Fig.  10(a) , the effect of veratridine on the Rb+ diffusion potential is depicted. There is a lOmV decrease in diffusion potential on adding the alkaloid alone, a 25 mV decrease when rotenone and veratridine are added together, and a rapid complete depolarization when veratridine and ouabain are added together. In the presence of rotenone, as will be shown below, ATP supply limits the rate of veratridine-stimulated (Fig. 9a) , ouabain plus valinomycin (Fig. 9a) or ouabain plus veratridine (Fig. 10a) (Fig. 10a) , a very rapid and complete depolarization is observed. If the veratridine-induced stimulation of respiration is due only to enhanced ion cycling across the plasma membrane, then it should be inhibited by the addition of either oligomycin or ouabain as is the case for the basal respiration (Figs. 5d and Sf'). This is in fact observed (Figs. 5d-Sf) , and demonstrates that the changes in respiratory rates are not secondary consequences of an altered cytosolic ionic composition on adding veratridine. In this context it should be noted that the final rate of uncontrolled respiration after addition of a proton translocator is essentially the same in each of the traces of Fig. 5 , even though the cytosolic Rb+ (and hence K+) concentrations vary considerably according to the incubation conditions (Fig. 10a) . It therefore appears that the dependency on K+ concentration that is observed for the rate of uncontrolled pyruvate respiration by isolated brain mitochondria (Nicklas et al., 1971; Lai & Clark, 1976 ) is less apparent in intact synaptosomes incubated under the present conditions.
The uncertainty in the estimation of Aw, in the presence of veratridine induces an equivalent error in the calculation of At/, , , (eqn. 6) . If the Rb+ diffusion potential is taken to represent Ay/p, then the mitochondrial potential apparently decreases by 23 mV (Fig. 10b) . Although to some extent a decrease in AV,,, would be predicted to accompany the increase in respiration associated with the addition of veratridine (Fig. Sc) , the decrease in ATP and phosphocreatine is only slight (Fig. 7c) . This implies that the actual mitochondrial membrane potential changes by less than 23 mV.
In the presence of ouabain and veratridine, the Rb+ diffusion potential should accurately reflect AV/p, and the mitochondrial potential calculated on this basis shows no decrease (Fig. 10b) , and may even slightly increase. Under these conditions there is no significant change in the concentration of either ATP or phosphocreatine (Fig. 7e) . This, together with the respiratory and potential evidence, confirms that veratridine has no effects on synaptosomal bioenergetics that are not a direct consequence of the increased ATP demand by the (Na+ + K+)-dependent ATPase.
Although anaerobic glycolysis is able to satisfy the cytoplasmic demand for ATP under initial conditions, it does not follow that the same is true in the presence of veratridine. When rotenone and veratridine are added simultaneously (Fig. 7d) In the presence of rotenone, the high mitochondrial membrane potential was maintained by a reversal of the mitochondrial ATP synthetase driven by cytosolic ATP (Fig. 1) . Evidently, if the cytosolic ATP is depleted then this reversal will not occur, and this is shown in Fig. 10(b) , where no detectable mitochondrial potential is maintained under these conditions. It thus appears that synaptosomes possess sufficient glycolytic capacity to maintain basal transport functions during anoxia, but not to cope with the increased energy demand concomitant with persistent depolarization of the plasma membrane.
Discussion
Heterogeneity oJ'thepreparation In any study of generalized synaptosomal functions, it is important to appreciate the limitations that are imposed by the inherent heterogeneity of the preparation. First, all synaptosomal preparations, including the present one (Nicholls, 1978a) are contaminated to some extent with 'free' mitochondria not bounded by a plasma membrane (Whittaker, 1969; Booth & Clark, 1978) . These mitochondria will not respire in the presence of glucose (Bradford, 1969) , and by virtue of the high Ca2+ concentration to which they are exposed will not develop a significant membrane potential. However, if the incubation medium contains a mitochondrial substrate such as glutamate or succinate then the contaminating mitochondria can respire and even exhibit respiratory control (in the absence of Ca2+) on addition of ADP (Verity, 1972 -Booth & Clark, 1978 . It is important to distin4guish between these studies and the present one, where the respiratory stimulations reflect cytosolic effects on i'nternal mitochondria.
A second form of heterogeneity that is inherent in any synaptosomal preparation is that the number of mitochondria per synaptosome is variable, while some completely lack internal mitochondria (Whittaker, 1969 ). This does not affect the validity of the membrane potential calculations, as these are purely dependent on the total cytosolic and internal matrix volumes in the incubation (eqn. 6 ).
Yet another degree of heterogeneity is due to the presence of distinct sub-populations of synaptosomes containing different;neurotransmitters. As the properties examined in the present paper are averaged over the entire incubation, it is impossible to describe accurately those bioenergetic effects that are restricted to any one class of synaptosomes. This, however, should not apply to the generalized functions discussed here.
Validity of the membrane-potential determinations All three indirect techniques that have been utilized to estimate membrane potentials in isolated cells suffer from limitations and differ in the sensitivity with which they respond to plasma membrane and mitochondrial membrane potentials. Cyanine dyes are relatively insensitive to high potentials (Burckhardt, 1977) and the possibility of a mitochondrial contribution to the fluorescent response is generally not considered (Blaustein & Goldring, 1975; Laris et al., 1976) . The differential spectrum of safranine responds linearly up to 200mV (Akerman & Wikstrom, 1976) and can thus report on the mitochondrial potential, although quantification is difficult (Akerman, 1979) . The accumulation of TPMP+ responds logarithmically to the sum of the mitochondrial and plasma membrane potentials (Hoek et al., 1979; eqn. 4 of the present paper) and can thus detect small variations in either potential, although a second indicator is required to resolve them. Although the isotope technique allows a measure of quantification, its response time is somewhat limited, and activity coefficients must be estimated for the different compartments. Nevertheless if the intention, as in the present paper, is not to determine a definitive and precise value for the plasma membrane potential, but rather to be able to provide an overall description of the bioenergetic pathways within the synaptosome, then it is apparent that the isotope technique is useful.
General conclusions
The brain is a highly aerobic tissue that is dependent almost entirely on glycolysis (Bachelard, 1978) , and this is reflected in the behaviour of the isolated synaptosome. The respiratory rates we observe in the presence of glucose are compatible with the published values (Bradford, 1969; Whittaker, 1969; Booth & Clark, 1978) and if the included mitochondria account for about 12 % of the synaptosomal protein (Nicholls, 1978a) , they correspond to a rate of mitochondrial respiration that varies from 24 nmol of 0/min per mg of mitochondrial protein in the presence of oligomycin (Fig. 5d) to 150nmol of 0/min per mg of mitochondrial protein in the presence of a proton translocator. These rates are compatible with those published for isolated synaptosomal mitochondria oxidizing pyruvate and malate (Lai & Clark, 1976; Nicholls, 1978a) .
One advantage of the synaptosome as a model system in which to study cellular bioenergetics is that the extra-mitochondrial ATP demand can be varied by altering the rate of ion cycling at the plasma membrane. In this way the consequences of a 'physiological' transition away from State 4 can be readily investigated. It is significant that a 200% increase in respiration on addition of veratridine (Fig. 5c) is caused by only a slight decrease in synaptosomal ATP and phosphocreatine concentrations. As discussed in the Results section, the apparent 23 mV decrease in mitochondrial membrane potential is probably exaggerated due to problems in accurately determining the plasma membrane potential under conditions of increased Na+ permeability. Thus it appears that as for isolated mitochondria (Nicholls & Bernson, 1977) a slight decrease in proton electrochemical potential (and hence in membrane potential) is sufficient to produce a considerable increase in respiration.
When respiration is inhibited by addition of rotenone, ATP can still be generated by anaerobic glycolysis, and the cytosolic ATP pool can still maintain the mitochondrial membrane potential by reversal of the ATP synthase (Fig. 8) . It is significant that tumour cells also appear to maintain the mitochondrial potential during anaerobiosis (Akerman, 1979) . It is also important to note that addition of a respiratory inhibitor such as CN-cannot automatically be assumed to deplete cytosolic ATP to the extent that ATP-dependent processes cease to function.
Anaerobic glycolysis is, however, incapable of maintaining ATP when the ATP turnover at the plasma membrane is enhanced by addition of veratridine. Thus phosphocreatine becomes undetectable, and ATP decreases to an extremely low concentration (Fig. 7d) . Most compellingly, the mitochondria are no longer capable of maintaining an appreciable membrane potential (Fig. lOb) .
In conclusion, the present paper demonstrates the central bioenergetic role played by the two iontranslocating ATPases located respectively in the plasma membrane and inner mitochondrial membrane and linked through the cytoplasmic ATP pool (Fig. 1) . It is clear that the close interrelationship between these systems should be considered in future studies of synaptosomal bioenergetics.
